We analyze electron plasma, energetic ion and magnetic field data from four almost vertical Cassini passes through the night side plasma sheet of Saturn (segments of the high latitude orbits of the spacecraft) separated in two subsets: two passes of identical geometry from January 2007 with Cassini crossing the equatorial plane in the postmidnight sector at a distance of ~21 Saturn radii (R S ), and two passes from April 2009, also of identical geometry, with Cassini crossing the equatorial plane in the premidnight sector again at a distance of ~21 R S . The vertical structure and variability of the plasma sheet is described for each individual pass, and its basic properties (scale height, vertical displacement, tilt angle, hinging distance) are computed. The plasma sheet presents an energy-dependent vertical structure, being thicker by a factor of ~2 in the energetic particle range than in the electron plasma. It further exhibits intense 
Introduction
The Saturnian plasma sheet was initially sampled during the Pioneer 11 and the Voyager 1 and 2 encounters, in 1979, 1980 and 1981 respectively. However, the geometry of these flybys provided only limited spatial coverage of the magnetosphere 2 SERGIS ET AL. -SATURN'S VARIABLE PLASMA SHEET and few observable crossings of the plasma sheet. Hence, our knowledge of the vertical distribution of the ion and electron populations in the middle and outer magnetosphere remained rather limited.
Before the recent high-latitude orbits of Cassini (July 2006 to June 2007 and January 2008 to September 2009), the thickness of Saturn's magnetospheric current sheet was obtained from modeling the magnetic field perturbation due to the current sheet (e.g. Connerney et al., [1983] and references therein), using equatorial or near-equatorial magnetic field measurements [Giampieri et al., 2004] . The current sheet halfthickness derived from these studies ranged between 2 R S and 4 R S . However, these thickness values must be viewed with some degree of caution as they were derived solely from near-equatorial datasets. Furthermore, there is an inherent difficulty in extracting the thickness of the sheet using the Connerney et al. [1983] model, in that the thickness cannot be uniquely determined; only the product B o D of the halfthickness D and the perturbation field strength B o at the inner edge of the ring current [Vasyliūnas, 1983] . More recently, Kellett et al. [2009] , using six highly inclined passes through the Saturnian current sheet, measured directly the vertical distribution of some of its properties. Fitting the Connerney et al. [1983] model to these passes through the current sheet, they found half-thickness values between 1.5 R S and 2.5 R S .
Similar results were obtained in the work of Kidder et al. [2009] , where the role of the upstream solar wind conditions was also discussed. The current sheet was also found to be warped out of the equatorial plane [Arridge et al., 2008] on both the dayside and the night side. This result was partially corroborated by Carbary et al. [2008] , who used energetic ion and neutral atom data, but did not find convincing evidence for dayside warping, probably due to the influence of the magnetopause position during relatively compressed magnetospheric conditions and the strong dayside-night side asymmetry observed in the vertical distribution of the energetic particles , Sergis et al., 2009 .
In rapidly rotating plasma regimes, such as that observed in the outer magnetosphere of Saturn, the centrifugal and the ambipolar electric field forces play an important role. The rapid rotation of the magnetodisk (~50-70 % of rigid corotation in the outer magnetosphere) acts to restrain the particle diffusion away from the equatorial plane.
The development of strong field-aligned ambipolar electric fields [Persson, 1966 , Maurice et al., 1997 acts to confine the cold electrons towards the equator and alter the distribution of the cold protons. Particles can also mirror near the edges of the plasma sheet, contributing to the equatorial confinement. In fact, the magnetic mirror force can be at times the principal restraining force for the hot ions [Sittler et al., 1983] . Additionally, in a highly stretched magnetic field geometry, the z-direction can be almost perpendicular to a field-line, so particle distributions with fairly large (fieldaligned) scale lengths can appear to be highly equatorially confined.
The centrifugal scale height for a population of particles with a temperature of k B T (k B being Boltzmann's constant) and mass m, is proportional to (k B T/m) 1/2 [Hill et al., 1976] . Given both cold and hot populations of electrons, protons and heavy ions, one would expect to find the heavy cold ions concentrated in a thin plasma sheet, cold protons in a slightly thicker sheet, and electrons and energetic ions essentially filling the field lines up to high latitudes. Sittler et al. [1983] , identified two electron populations (thermal and suprathermal) using data from the Plasma Science Experiment (PLS) on Voyager and estimated a scale height of 3 R S for the cold, heavy (O + ) ion plasma sheet beyond L~10. In the Cassini-era, Persoon et al. [2009] Arridge et al. [2009b] for cases where even though the magnetometer data suggest that the spacecraft has left the bulk of the current sheet, the plasma sensors still detect the plasma sheet.
The energetic particle population (> keV) has been extensively studied during the primary Cassini mission . Energetic particles are usually less equatorially confined. Their vertical (north-south) distribution was mapped in detail by Krimigis et al., [2007] and Sergis et al., [2009] and significant systematic local time asymmetries and intense dynamical behavior were revealed, with the dayside region being broadened in latitude (±50°) and extending to the magnetopause, and the night side appearing well confined with a thickness of ~10 R S , clearly thicker than the cold plasma sheet.
The existing picture of the Saturnian plasma sheet, therefore, consists of a cold, thin equatorial current layer, with a well established radial and local time distribution , Kellett et al., 2010 , embedded within a layer of hot plasma that has a much wider north-south extent (see also Kellett et al., [2009] , and figure 1 therein).
In this work, the properties of the plasma and current sheets in the night side magnetosphere are examined, using energetic particle, plasma and magnetic field measurements from various Cassini sensors. We present four examples which 5 SERGIS ET AL. -SATURN'S VARIABLE PLASMA SHEET exemplify the average and atypical state of the plasma sheet, with an emphasis on the estimation of its vertical extent, as manifested in different particle populations. A good understanding of the relative plasma and current sheet thickness and the variability in this parameter is of great importance for studies of the equilibrium and dynamics in such sheets, and particularly useful for modeling studies, e.g. those trying to model global periodicities and plasma sheet motions.
In section 2, the instrumentation and Cassini orbits used in this study are described, while in section 3 the observations and the main findings are presented. Finally, in section 4 the results are analyzed and the dynamical nature of the night side plasma sheet and the implications for modeling are discussed.
Instrumentation and Cassini orbits
In this study we combine energetic particle, plasma and magnetic field measurements from the Cassini Magnetospheric Imaging Instrument (MIMI), the Cassini plasma spectrometer (CAPS), and the Cassini magnetometer (MAG) respectively. The energy ranges of CAPS and MIMI were designed to provide complete energy coverage from 0.5 eV to several MeV.
The MIMI experiment provides comprehensive measurements of the energetic ion population within the magnetosphere of Saturn. Ideally suited to sample energetic neutral and charged particles in planetary magnetospheres and interplanetary space, it comprises three separate sensors: the Charge Energy Mass Spectrometer (CHEMS), the Low Energy Magnetospheric Measurements System (LEMMS) and the Ion and Neutral Camera (INCA). Details on the MIMI experiment can be found in the extensive instrument description [Krimigis et al., 2004] and in [Sergis et al., 2009] .
CAPS is a suite of electrostatic analyzers comprising of an electron spectrometer (ELS), an ion mass spectrometer (IMS), and a narrow ion beam spectrometer (IBS) [Young et al., 2004] . Since Cassini is a three-axis stabilized spacecraft, the volume of velocity space accessible to the CAPS sensors is often somewhat limited and moreover, the peak of the ion distribution may not lie in the field-of-view of the instrument; these aspects limit the availability of ion moments. The ion moments available during the passes examined here are relatively sparsely distributed, so we use electron moments to characterize the low energy plasma distribution. ELS measures electron distributions between 0.5 eV and 28 keV and the moment calculation is described in detail by Lewis et al. [2008] and Arridge et al. [2009a] .
In-situ magnetic field data were taken from the fluxgate magnetometer [Dougherty et al., 2004] [Arridge et al., 2008] , as the structure was typically crossed in ~2 days.
Intense dynamics in the region of interest impose an additional problem to this study, 
Results
As our analysis and result presentation follows the model of Arridge et al., [2008] , in The gray-shaded intervals in both A and B columns correspond to Titan flybys. In rev. Figure 3B ) the flyby is relatively distant, but during rev. 37 ( Figure 3A ) it has a closest approach of ~1000 km and causes a brief reversal in the radial and azimuthal components of the magnetic field (B r and B φ ) as well as a local maximum in the electron number density. These localized features cannot be interpreted as being related to the real structure of the plasma sheet. Therefore, the gray shaded area measurements for both passes were not included in our analysis.
(
In the first 2007 pass ( Figure 3A ) the plasma and current sheets are crossed above Saturn's equatorial plane, with a vertical displacement (offset) of about 1.8 R S . The plasma sheet is slightly asymmetric about its center, with a thicker southern part, better seen in the electron distribution (panel d). Using the "bowl-shaped" magnetodisc model, introduced by Arridge et al. [2008] , one can infer that the SERGIS ET AL. -SATURN'S VARIABLE PLASMA SHEET observed offset is associated with a sheet hinging distance R H of 16 R S , consistent with the range of R H reported in the same study.
The ELS electron measurements (panel c) indicate that the temperature of the electron population is reasonably constant between the outer and central parts of the plasma sheet and similar to those reported for the magnetotail by Arridge et al. [2009b] .
Some evidence for dynamical behavior can be seen in the northern segment of this pass, where energized electron and energetic ion distributions are found near z~11 R S (perhaps brief (side) encounters with the outer layers of the plasma sheet). The electron characteristics of this disturbance resemble those observed in disturbed intervals in the magnetotail [Arridge et al., 2009b] . The southern part of the structure, however, appears to fade smoothly with increasing distance from the equatorial plane.
The black solid lines superimposed to the electron number density, electron pressure and energetic ion pressure data (panels d and e) are exponential decay functions that seem to describe quite well the distributions, especially near their maximum, in spite of the fluctuations, typical of the dynamics of the Saturnian magnetosphere Arridge et al., 2009b] . Due to the observed asymmetry in the plasma sheet, the adopted model is asymmetric (i.e. different scale heights for each side of the sheet are allowed). The radial component of the magnetic field (panel f) was fitted with a symmetric Harris-type tanh(z/H) current sheet function (where H is the half thickness/scale height). The characteristic scale height values for the energetic particles and the plasma electrons for this particular pass is ~1.5 R S , slightly different for each side as mentioned earlier (see details in table 1). The maximum of the distribution for all particle populations is observed to be shifted by 1.8 R S above the magnetic (and rotational) equator, where the center of the sheet was detected. The evidence of north-south asymmetry might, in part, be attributable to the dynamics or periodicities of the plasma sheet that will be later discussed.
Energetic O + ions are more narrowly confined at the equatorial plane compared to the lighter protons of the same energy range (panels a and b). The current sheet (derived from the magnetometer data) is much thinner than either of the plasma electron and energetic ion populations with a scale height of 0.4 R S (panel f). From the presence of centrifugal forces and field-aligned force balance we also expect the cold heavy ions to have a scale height that is smaller than both the plasma electron and energetic ion populations. This suggests that the bulk of the current layer should be collocated with the cold heavy ion plasma sheet, and surrounded by a more extended plasma sheet.
Periodic oscillations in the lobe magnetic field are readily visible in all field components, but particularly in B r and B  . Above (below) the equator the weakening in the magnitude of B r is associated with increases in the electron and ion flux, consistent with the plasma sheet moving up (down) towards the spacecraft. This periodic motion causes brief encounters of the spacecraft with the plasma sheet and can mask the determination of its scale height. In this study, care has been taken so that this type of "contamination" of the plasma sheet data is avoided and does not affect the fits shown in panels d, e and f.
In Figure 3B we present the second night side plasma sheet pass of 2007 (rev. 38).
The panel arrangement is the same as in Figure 3A . Similar to the previous pass, Cassini enters the plasma sheet from the north. As mentioned earlier, this pass is consecutive to the one presented in Figure 3A , occurring 15 days later, and has almost exactly the same geometry (see also Figure 1 ). In this case, the plasma sheet derived from both energetic particles and cold plasma, appears around a factor of 2 thinner than in rev. 37 (see table 1), an indication of how variable the plasma sheet can be from orbit to orbit. Its northward displacement from the rotational plane is smaller compared to the previous pass (1.1 R S vs. 1.8 R S ), consistent with a hinging distance of 22 R S which is within the range discussed by Arridge et al. [2008] who suggest this might occur due to changing solar wind ram pressure modifying the mean location, and perhaps the thickness of the sheet.
The current sheet appears slightly thicker in this pass (0.6 R S vs. 0.4 R S ). Although it is not clear whether this feature can be taken as typical or just circumstantial, it provides evidence that the current sheet and the plasma sheet can behave quite differently (opposite in this case), at least in terms of vertical thickness, displaying large-scale changes on timescales of less than a few weeks. The maximum (central sheet) values of the plasma density and pressure remain the same in both passes, essentially ruling out the case of an over-dense central plasma sheet for rev. 37. The magnitude and geometry of the magnetic field is very similar between the two passes, although the off-equatorial field in the first pass is somewhat different in B r , suggestive of some global difference, which, however, cannot justify the observed differences in the sheet thickness.
Passes during 2009
In Figure 4 we present two almost vertical passes through the night plasma sheet that The current sheet thickness during rev. 108 is the smallest observed during the four passes examined in this work, with a scale height of 0.25 R S . It is noteworthy that the observed combination of offset (0.5 R S ) and current sheet scale height (0.25 R S ), places the current sheet fully above the equatorial plane at the distance of ~21 R S , making it essentially "invisible" to the equatorial orbits at this radial distance (in the absence of vertical motions), even though the tilt angle has dropped to 2°.
The repeated plasma sheet encounters and multiple reversals of B r near the centre of the current sheet (seen in the high time resolution magnetic field data, not presented here), are indicative of vertical motions of the plasma and current sheets. The relatively small hinging distance compared to the model is in part attributable to the sensitivity of the hinging distance to the offset at small tilt angles and can be viewed as evidence that the plasma and current sheet is still vertically oscillating, but with reduced amplitude compared to 2007, indicating that the periodicity persists during equinox conditions. The fact that Saturn's plasma sheet appears to be oscillating close to equinox may be of relevance for the development of models to explain the origin of Saturn's global periodicities (Southwood and Kivelson [2007] , Khurana et al., [2009] ).
The principal feature in the pass shown in Figure 4A (rev. 108) is the predominant asymmetry in the two sides (northern and southern) of the plasma sheet. Both the electron number density and the electron and hot ion pressure distributions, display scale heights ~3 times larger for the northern plasma sheet compared to the southern sheet (see table 1 ). Furthermore, some evidence of a stronger field component normal to the current sheet can be seen on the northern segment of this pass, perhaps related to the larger scale height computed for the northern sheet. We should note here that the same feature is also observed in the magnetic field components for the pass of rev. Figure 3A) , but with the southern plasma sheet being slightly thicker in that case.
(
The magnetic field oscillations in both 2009 encounters appear to be less evident compared to the 2007 passes. The fact that the scale heights and plasma pressures are not particularly different for the two sets, limits the chance that a strong diamagnetic effect of the plasma sheet is suppressing these periodicities, leaving the seasonal change as the most probable interpretation.
As the spacecraft enters the southern lobe, a brief encounter with the plasma sheet is clearly detected in all particle sensors between z=-4 R S and z=-5 R S , much closer to the equatorial plane compared to the northern side encounters, although the center of the plasma sheet was still offset from the equatorial plane at z=0.5 R S .
The second pass of the 2009 set studied here is presented in Figure 4B , in the same panel arrangement as before. This orbit (rev. 109) has the same geometry as rev. 108, and the pass through the night side plasma sheet occurred 16 days later.
A distant, brief encounter with the northern plasma sheet is observed at a vertical distance between 13 R S and 14 R S from the equatorial plane, similar to the one seen at the same position during the previous orbit. The center of the plasma sheet is crossed at z=0.5 R S (same as in the previous pass), only slightly displaced above the equatorial plane. Some north-south asymmetry is observed (thicker northern sheet again), but not as strong as in the preceding orbit, with a scale height between 2 R S and 3 R S, depending on the particle population (see table 1 were not correlated with a particular Saturnian longitude sector, we suggest that this difference is most likely attributable to the temporal variability of the plasma sheet, reported to exceed one order of magnitude .
Summary and discussion
In this study we have analyzed plasma, energetic particle and magnetic field data from two sets of Cassini passes through the night side magnetospheric plasma sheet of [Arridge et al., 2008] . Here, however, we provide the first direct observational evidence for the progressive, long-term reconfiguration of the night side plasma sheet as the solar wind bulk flow velocity becomes perpendicular to Saturn's magnetic dipole and that, close to equinox, the plasma sheet remained slightly less equatorial than predicted, presenting a type of "hysteresis" in its response to the seasonal change. (3) The thickness (scale height) of the plasma sheet is found to be energy dependent.
In all cases the structure appears significantly (~50%) thicker in the energetic particle range (>keV) compared to the cold electron plasma (see table 1 (4) The Saturnian plasma sheet appears asymmetric in two of the encounters analyzed (rev. 37 and 108) with a thicker southern part in the case of rev. 37, but a reversed situation (thicker northern sheet) in rev. 108. Whether the observed asymmetry in the sheet thickness with respect to its center is real or apparent due to plasma sheet flapping, is unclear. In both cases, the two boundaries (northern and southern) of the plasma sheet are crossed at the same L-shell value and within a ~3-hour local time sub-sector; probably too narrow to justify such a strong (symmetric) change in the half thickness, unless the change was due to a (rotating) azimuthal asymmetry.
Nevertheless, for each of these two cases, opposite segments of the plasma sheet appear thicker (the southern for rev. 37 but the northern for rev. 108), indicating that a local time asymmetry in the sheet thickness is probably not a plausible interpretation, at least for the local time sector examined (2100 hr to 0300 hr), thus leaving more room for the scenario of vertical plasma sheet motion. For instance, it is possible that during the outbound (southern) crossing of rev. 37, the plasma sheet has been moving southwards, creating the asymmetric signature observed in Figure 3A . In that case, the plasma sheet thickness deduced from rev. 37 is somehow overestimated.
Correspondingly, the apparent decrease in the thickness of the plasma sheet seen in the second 2007 pass (rev. 38) could be a manifestation of the dynamic nature of the structure. This observation could, for example, be consistent with a plasma sheet (of unchanged thickness) moving rapidly upwards (northwards) across the spacecraft during this pass, or at least while Cassini was located near the plasma sheet boundaries. Such vertical motions of the plasma sheet have been reported by Jackman et al., [2010] as a magnetotail response to rapidly changing solar wind upstream pressure conditions, and are generally expected to affect both its northern and southern boundary, sometimes imposing an asymmetry in their location with respect to the center of the sheet, as observed by the "diving" spacecraft. In a similar (but opposite) manner, the thin southern segment of the plasma sheet in rev. 108 would be consistent with a northward motion of the structure. As we cannot make a distinction between spatial and temporal variability using merely in-situ measurements, there is more than one combination of vertical plasma sheet motion that could possibly explain the observed profiles. If we assume, however, that the vertical motion of the plasma sheet is not significant, then the observed difference in the scale height (factor of ~2) could be viewed as an estimate of the dynamic variability of the plasma sheet itself. As remote ENA imaging and multiple Cassini passes indicate, the observed sheet structure and behavior is a combination of both spatial and temporal variability.
This temporal variability has been remotely captured by MIMI/INCA which measures the ENA emission from the charge exchange between energetic ions and neutral atoms. A typical example of such a top-view of the night side magnetosphere is illustrated in Figure 5 , as two sequences of nine continuous ENA images in neutral hydrogen in the range 24 to 55 keV. The first sequence of images ( Figure 5A) corresponds to the pass presented in Figure 4A (rev. 108), and covers a 16-hour interval of Cassini's trajectory in the southern lobe, starting soon after it has exited the plasma sheet. The spacecraft position (southern latitude between 46° and 55°) offers a panoramic view of the magnetospheric conditions in the energetic particle range. The extremely variable (factor of 100 peak-to-peak) ENA emission from the middle magnetosphere, that follows the rotating pattern (partial rotating ring current) reported by Krimigis et al. [2007] , is clearly observed. The ENA emission, however, is significantly reduced near 20 R S where the plasma sheet crossings have taken place, so the actual variability in that region is not as easily observable. In a similar way,
Figure 5B corresponds to the pass of Figure 4B (rev. 109); the images of this set were again taken soon after Cassini's exit to the southern lobe, at a southern latitude varying between 48° and 60°. The rotation and the 100 (max) variability in the ring current are again clear.
The comparison between the two sets, when done for the same phase of the rotating "blob", shows that the magnetospheric conditions for the two cases (as depicted in the 24 to 55 keV ENAs) are quite similar, given the usually observed variability in the energetic particles. This could be interpreted as evidence that the observed plasma sheet variability (and asymmetry in the case of rev. 108) is mainly the local result of the characteristic, global dynamical behavior of the Saturnian magnetosphere (e.g. the plasma sheet boundaries are crossed perhaps at different phase of this activity). Any large scale energization of the magnetosphere due to an external cause (e.g. solar wind), would have been visible as a change in the ENA emission in the ring current region [Roussos et al., 2008] , apart from imposing a rearrangement in the plasma sheet, e.g. larger energetic particle pressure would result in a more stretched and distorted magnetic field configuration and a thinner plasma sheet [Achilleos et al., 2010 ].
An overview of the observed variability in the plasma sheet geometrical characteristics (position and thickness) is given in Figure 6a (for the 2007 passes) and 6b (for the 2009 passes), where a side view sketch of the night side plasma sheet is presented, in the context of the bowl-shaped plasma sheet model [Arridge et al., 2008] . Three conclusions naturally emerge from this schematic, supplement to the previous discussion and the values of table 1: (a) the (periodic or unsystematic) SERGIS ET AL. -SATURN'S VARIABLE PLASMA SHEET vertical motion of the plasma sheet can be comparable to its thickness, (b) the seasonal change (approaching equinox) has a clear effect in the plasma sheet tilt, which is now nearly (yet not completely) vanished, (c) the thickness of the plasma sheet is highly variable from orbit to orbit.
As some aspects of the problem discussed in this study still remain unresolved, future work should involve analysis of additional off-equatorial orbits of Cassini, in order to lead a complete study and offer better insight of the plasma sheet structure and variability. In addition, as Cassini was still in a high latitude orbit during Saturnian equinox (August 2009), the analysis of more selected passes could provide additional observational evidence for the seasonal changes in the plasma sheet geometry, complementing the picture described here. and L.K. Gilbert for CAPS/ELS data processing at MSSL and S. Kellock, P. Slooweg and L. Alconcel for MAG data processing at Imperial College. Cassini CAPS/ELS and MAG operations are supported in the UK by STFC. hours. Saturn is at the centre, the x axis is pointing approximately in the solar direction, y is pointing towards dusk, and z is pointing along Saturn's spin vector. The dotted lines show the orbits of Dione (6.3 R S ), Rhea (8.7 R S ), and Titan (20.2 R S ). In both panels the color coded scale is the same and covers 2 orders of magnitude, while the sharp edges on the frames are attributable to the limit of INCA's field of view.
Two gaps in the data exist, one between frames A h and A i (~3 hr) and another between B e and B f (~7 hr). 
